Coal characteristic and trace elements of 254 coal samples from Zhangji Coal Mine, Anhui Province, China were studied. Compared with average concentrations of trace elements in Chinese, U.S. and world coals, the coals from Zhangji mine contains a higher concentrations of Co, Cu, Sr and Sc and lower concentrations of Ba, Bi, Mn, Cd, Mo and Zn. The concentrations of B and the Sr/Ba ratios showed that the Permian coal-bearing sequences of the coal mine were developed from a brackish-water influenced lower delta plain (No. 6-2 coal) to a freshwater influenced fluvial upper delta plain (No. 9-1 coal) and suffered frequent marine transgression and regression, which may cause many thin and unstable coal seams. The vertical variations of trace elements in different coal seams indicate that the concentrations of most trace elements in coals are significantly related with depositional environments. Some trace elements could be utilized in coal seam correlation.
INTRODUCTION
Coal is an important energy resource in China. It accounts for about more than 70 percent of primary energy production and consumption. Coal may remain the main energy source in China for a long period of time in the future because of its abundant reserves (Xu et al., 2000; Liu et al., 2004; Wang and Mulligan, 2006) . Unfortunately, the use of coal can cause serious environmental and human health problems. For example, 85% of the sulphur dioxide, 70% of the smoke and 60% of the nitrogen oxides emissions come from coal utilization (Wang and Feng, 2003; He et al., 2002) , The problems that caused by toxic trace element pollution are severe in some local areas in China (Sun et al., 2009) . For example, in the southwestern China, more than 3000 people suffered from severe arsenic poisoning (Sun, 2005) . The primary source of the arsenic appears to be consumption of chili peppers that are dried over the stoves fueled by high-arsenic coals (Finkelman et al., 2002; Zheng et al., 1992; Sun, 2005) , Endemic selenosis had been reported in Shanxi and Hubei Provinces in China due to improper domestic use of high-selenium coals (Wang et al., 2009) .
Because of the impact of hazardous trace element emissions during coal combustion on the environment and human health, there is a rapid increase in research on clean coal technologies and human health effect, as well as the geochemistry of toxic elements in coals (Lu et al., 1995; Liu et al., 2009a; Mukherjee, 1992; Wang et al., 2011) . The present study focuses on the abundance of 17 trace elements in coals from the Zhangji Coal Mine, Anhui, China and the relationships between trace element abundances and depositional environments of coals.
GEOLOGICAL SETTING
The Zhangji Coal Mine in Huainan City, Anhui Province, China has a length of 14.6 km, a width of 4.0 km and covers an area about 58.4 km2 (Liu et al., 2009b) . The location of the mine is shown in Figure 1 . 90 Trace element abundances and depositional environments Figure 1 . Location of Zhangji Coal Mine, Huainan City, Anhui Province, China.
The main coal-bearing strata of the coal mine are the Shanxi, Upper Shihezi and Lower Shihezi Formations of the Permian age and the Taiyuan Formation of the of the Carboniferous system (Fig. 2) . However, the minable coal seams occur mainly in the Shanxi, Upper Shihezi, and Lower Shihezi Formations. Coal-bearing strata in the Upper Shihezi Formation are thick and stable, such as the No. 11-2 and 13-1 coals. The total thickness of major coal seams is about 3.68 meters (Li, 1994; Xu et al., 2011a) .
Previous studies have shown that the Lower Shihezi Formation was deposited in a transitional environment from a lower-deltaic plain to an upper-deltaic plain (Sun et al., 2010a; Yang and Lan, 1992) . Sun (2010a) indicated that the coal seams were deposited in a variable saline water environment from No. 4-1 to No. 8 coals. Most coal seams in the Lower Shihezi Formation were deposited in a brackish water environment based on boron abundances. Yang and Lan (1992) suggested that the coal seams probably were deposited in a slightly to mildly brackish water environment Mn, Ni, Se, Zn, As, Cd, Th and Pb in Zhangji coals have a positive correlation with ash yield, exhibited mineral affinity, the other elements show organic affinity in Zhangji coals.
Macerals and minerals
The maceral and mineral composition of the coal samples from the Zhangji coal mine are shown in Table 1 and Figure 3 . The average values of macerals for the coal seams show vitrinite is the dominant maceral group in all Zhangji coals, with a range from 52 to 68%. Telocollinit and collinite are the most abundant macerals in the vitrinite group. Inertinite is the second most frequent macerals with a range from 16 to 31% and liptinite is the lowest among the maceral groups, accounting for only 11 to 22%.
Mineral matter is an important factor in coal geology, which is defined as ''the sum of the minerals and inorganic matter in and associated with coal'' by Australia Standards (2000) . Although it accounts only a small constituent in most coals, mineral matter can cause serious environmental problems and catalyst poison during coal combustion and conversion processes. On the other hand, mineral matter can provide depositional information of coal seams and be the carriers of some trace elements (Ren 1996; Dai and Chou 2007; Ward 2002) . Minerals in Zhangji coals are found only in small amounts with a range from 4 to 14%, and dominated by clay minerals, which agree with that of most coals reported by Ward (2002) . The content of clay minerals increase somewhat with the ash content increasing, which is a likely result of more detrital supply during peat accumulation (Karayigit et al., 2001) . Some sulfide and carbonate are observed as well. Sulfide minerals in coal present as pyrite (FeS2) and marcasite (FeS2), while Fe in pyrite can be replaced by element Mn, Pb and Cu to form hauerite (MnS2), galena (PbS) and chalcopyrite (CuFeS2), respectively (Sia and Abdullah 2011) . Only small amount of carbonate minerals were observed in Zhangji coal, such as in No. 4, 6 and 11-2 coals. Some morphological characteristics of the minerals in Zhangji coals are shown in Figure 5 , and Figure 4 gives the result of Xray difractogram of selected Zhangji coals. 
Sulfur content
Sulfur oxides released from coal combustion can cause serious environment pollution and corrosion issues (Thomas, 2002) . In 2004, the amount of sulfur released from coal burning in China was estimated to be 22.5 million tons (Finkelman, 2008) , so many researchers have investigated sulfur in coals, including abundance, distribution and origin (Dai, 2000; Dai et al., 2002; Zhang et al., 2009; Widodo et al., 2010) . The sulfur content of the coal seams from Zhangji Coal Mine ranges from 0.18 to 0.40%, with a mean value of 0.28%. On the basis of the Chinese Classification for Coal Quality (GB/T 15224-2004), the coal is categorized as special low-sulfur coal. Vertical distribution of sulfur content in coal seams is shown in Figure 7 . Clearly, this trend is similar with the variations of B content and Sr/Ba ratio, which means the sulfur content is associated with the deposition environment. The invasion of sea water may incorporate sulfate into coal during coalification, as reported by previous study . Table 2 , compared with Chinese coal, Northern China coal, American coals, and World coals ., Finkleman, 1993 Ketris and Yudovich, 2009 ). On average, the most abundant trace elements are B (38-151 mg/kg), Ba (82-177 mg/kg), Sr (85-339 mg/kg), with averages of 104 mg/kg, 121 mg/kg, and 463 mg/kg, respectively. However, all the other elemental abundances are less than 100 mg/kg.
In order to describe the enrichment degree of an element, it is common to use the enrichment factor, which is defined as the ratio of a measured element concentration in a certain coal to that of the Chinese, Northern China, U.S., and world coals. The enrichment factors of 22 elements are shown in Table 3 . According to the data, Zhangji coals are significantly enriched in elements Co, Cu, Sr and Sc. For instance, comparing with average American coal shows that Zhangji coals are higher by 2 -5 times than average, especially Sn is 5.4 times higher than the average. However, the Zhangji coals are depleted in Ba, Bi, Mn, Cd, Mo and Zn, and have comparable abundances of other elements.
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Stratigraphic variation of trace elements among coal seam
Many previous studies have shown that trace elements are not evenly distributed among the coal seam (Ruppert et al., 2005; Zhang et al., 2002; Brownfield et al., 2005; Hower et al., 2005) . That depends on many aspects, such as coal accumulating peatswamp environments, geological processes that have occurred during deposition and post-deposition, and the nature of the bedrocks (Palmer et al., 2004) . Figure 7 shows the stratigraphic variation of 17 trace elements in coals from Zhangji Coal Mine. A number of elements, including S, Mo, Pb, Cu, Ni, Se, Co, Bi, As, Mo and V have a similar distribution pattern as that of B and Sr/Ba, in which all have a relative high abundances in the No. 6-2 and 9-1 coals. This possibly indicates to a certain degree that these 11 elements are related to marine depositional environment. With the influence of the seawater, the changes of water table, pH, Eh and hydrogen sulfide contents in peat swamp would affect the distribution of elements in peat and then formed a weak alkaline and reducing environment that was favorable for the enrichment of chalcophile elements (Wang et al., 2005) .
Meanwhile, seawater provides abundant source of S, As and other elements. Bacterial sulfate reduction may lead to the synthesize of amino acids, which can react with metal elements (such as, Ni, Co, Pb, Cu, Cd and As) to form minerals (Huang et al., 2000) . No correlation with deposition environments was observed for other elements in Figure. 7.
Application of trace elements in coal
Trace elements in coals were defined as those elements with concentrations below 1000 milligram per kilogram and are generally reported in parts per million (ppm) (Swaine, 1990a) . Although low content occur in coals, trace elements are usually used as indicators or fingerprints in coal geochemistry, especially the rare earth elements. Trace elements in coal were used to determine the sources and depositional environment of the coal seam (Adedosu et al., 2007; Song et al., 2007) .
Depositional environment
Boron is sensitive to salinity changes and is a paleosalinity indicator of the coalforming environments (Goodarzi, 1987b (Goodarzi, , 1995 Hower et al., 2002; Dominik and Stanley, 1993) . Goldschmidt and Peters (1932) first successfully confirmed whether ironstone had been deposited in saline or fresh water environment by the content of boron. However, the analytical accuracy then was limited to discriminate the differences in boron content between marine and fresh water environments when applied to clays and coals at that time. Curtis (1964) examined the British coals and noted that the boron content in marine deposited coal seams is relatively high. Eagar and Spears (1966) found that there was little correlation between boron content and other salinity indicators. Later study of Goodarzi (1987a) and Goodarzi and Swaine (1994a,b) found a good relationship between the boron content in coals and paleoenvironmental settings and set the benchmarks of fresh, mildly brackish, and brackish environment as 50 and 110 mk/kg, respectively. Although Sr and Ba are lithophile elements with similar chemical properties, their geochemical behaviors are different in the sedimentary environments. The mobility of Sr is stronger than Ba in natural water, though both occur in the form of bicarbonates. When salinity increases, Ba first precipitates in the form of sulfate, so Sr tends to enrich relative to Ba in the water. With increasing water salinity, Sr will precipitate in the form of sulfate as well. Thus the record of Sr abundance and the Sr/Ba ratio in the sediments are positively correlated with the salinity and can be used as paleosalinity indicator (Li and Chen, 2003; Han et al., 2007) . It is generally believed that the Sr/Ba ratio is greater than 1 for marine deposits and less than 1 for freshwater deposits.
The boron abundances of the Zhangji coals are listed in Table 2 . It has wide range from 38 mg/kg to 151 mg/kg. The arithmetic mean is 104 mg/kg, indicating that coals in the Zhangji Coal Mine were deposited in a brackish environment according to the boundary divided by Goodarzi (1987a,b) and Goodarzi and Swaine (1994a,b) .
Stratigraphic variation of boron and Sr/Ba in coalbeds is shown in Figure 6 . The boron contents of most coal seams in Zhangji Coal Mine are higher than 100 mg/kg, which is consistent with the brackish environment. From the No. 1 coal to No. 13-1 coal, the boron content decreases gradually, indicating that coals were deposited in changing environments from a brackish-water influenced lower delta plain to a freshwater influenced upper delta plain. While the frequent variation of boron from the No. 4-2 to 9-2 coals suggests the marine transgression and regression frequently occurred in this coal-bearing sequence. The Sr/Ba ratio of Zhangji coals ranges from 0.52 to 4.85, with an arithmetic mean of 1.28. The Sr/Ba ratio of most coal samples is greater than 1, which possibly indicates the Zhangji coals were significantly influenced by marine water. Overall, the trend of the Sr/Ba ratio is consistent with that of boron content.
As mentioned above, the Permian coal-bearing sequence from the Zhangji Coal Mine was developed on a brackish-water influenced lower delta plain to a freshwaterinfluenced fluvial upper delta plain. From No. 9 to No. 4 coal, frequent marine transgression and regression occurred. Our results are consistent with previous studies (Lan, 1989; Zhu, 1989; Peng, et al., 1991; Yang and Lan, 1992; Dong et al., 1994; Sun et al., 2010a; 2010c; Chen et al., 2011) . In addition, the depositional environment changed frequently among the split coal seams, such as the No. 9-1 and 9-2 coals, No. 7-1 and 7-2 coals, No. 6-1 and 6-2 coals, and No. 4-1and 4-2 coals, indicating the depositional environments changed frequently. The different depositional environments with variable seawater influence led to the formation of these thin and unstable coal seams with different geochemical composition.
Coal seam correlation
Coal seam correlation using trace elements is important in coal geology (Bou_ka, 1981) . The abundances of trace elements in coals are related to depositional environments and other geologic factors (Wang et al., 2011) .
Most elements in coals from the Zhangji Coal Mine have a similar distribution pattern, possibly because of similar depositional environment. Figure 7 shows that S, Mn and Cr in the No.4-1 coal are relatively high, whereas Se and Sn show opposite trends, and only S, Cr and Sn show one or two peaks among coal seams. According to Teng (1989) , S, Cr and Sn may be used as indicators for the No. 4-1 coal. The elements Cu and V, which are high in the No. 9-1 and 6-2 coals, respectively, and evenly distributed in the other coal seams, could be characteristic for these two coal seams. There is little difference of most elements in the No. 7-1 and 7-2 coals, with the exception of Cd and Pb.
CONCLUSIONS
(1) The Zhangji coals are classified as lower to medium ash and special low-sulfur coal. The results of maceral group and mineral matter analyses show that: vitrinite is the dominant maceral group in all Zhangji coals, with a range from 52 to 68%, and the mineralogy of Zhangji coal samples is dominated by clay, and less frequently, by sulfide and carbonate. Most elements show mineral affinity in Zhangji coals.
(2) Coals from the Zhangji Coal Mine are low in most trace elements except Co, Cu, Sr and Sc compared with average Chinese, Northern China, U.S. and world coals.
(3) The boron content and the Sr/Ba ratio in coals indicated that the Permian coals from the Zhangji Coal Mine were developed on a brackish-water influenced lower delta plain to a freshwater-influenced fluvial upper delta plain and the middle coal seams experienced frequent marine transgression and regression.
(4) The elements S, Mo, Pb, Cu, Ni, Se, Co, Bi, As, Mo and V show a similar distribution patterns with B and the Sr/Ba ratio in different coal seams. It indicates those elements were mainly affected by the marine-water depositional environment, and the frequent change of depositional environment may cause these thin and unstable coal seams.
(5) Sulfur, Cr and Sn may be characteristic for the No. 4-1coal, Cu and V for the No. 9-1 and 6-2 coals, and Cd and Pb for the No. 7-1 and 7-2 coals.
